To gain insights into the fundamental and characteristic features of the surface of doped manganites, we constructed a general magnetic phase diagram of La 1−x Sr x MnO 3 (001) surfaces in the plane spanned by x and the bulk tetragonal distortion c/a, from the first-principles calculations. We found that the surfaces are quite different from the bulk in the sense that both the (La, Sr)O and MnO 2 terminated surfaces show strong tendency toward antiferromagnetism (A-type and C-type respectively). The basic physics governing the phase diagram can be understood in terms of the surface orbital polarizations. It is also found that the strong surface segregation of Sr atoms is mostly caused by the electrostatic interaction and will further enhance the tendency to surface antiferromagnetism.
I. INTRODUCTION
Over the last half a decade, the perovskite colossal magnetoresistive (CMR) manganites have attracted intensive attention due to the remarkably rich variety of structural, magnetic, transport and optical properties 1 and are regarded as potentially important materials for the next generation technology. Such possibility may be a strong motivation for the study of thin films and superlattices 2 of the manganites and the related materials. In these systems surfaces and interfaces will play important roles. However, even without appealing to thin films and superlattices, surfaces and interfaces are involved in various aspects. The enhanced low-field magnetoresistance has been reported in the polycrystalline samples due to the spin-dependent behaviors across the grain boundaries 3 . The photoemission data 4 , which provide evidence for the half-metallicity, and the scanning tunneling spectroscopy (STS) 5 or microscopy (STM) 6 , which provide evidence for the spatial phase-separation 7 , are all surface sensitive. Therefore, the basic understanding of the surfaces of doped manganites is an urgent and challenging problem. It is already established that one of the most important implications in the physics associated with the CMR manganites is the key roles of orbital degrees of freedom (ODF) 8 , which couple strongly with the lattice, charge and magnetic degrees of freedom (MDF). We expect that the ODF will play even more important roles on the surfaces due to the lowering in symmetry and dimensionality. of Mn are aligned ferromagnetically in the ab-plane (slab plane) and these FM layers are coupled antiferromagnetically along the c direction (surface normal). In the C-type AF state, on the other hand, the FM chains along the c direction are coupled antiferromagnetically.
In the surface phase diagrams in Fig.1 , the above definition is applied to the slab. A simple schematic description about the spin configurations of surface A-and C-type AF states can be found in Fig.2 . To accommodate the C-type AF states, we use the planar c(2x2) unit cell. The atomic positions and magnetic states are fully optimized for each of given ab-plane lattice constants, which define the bulk c/a ratio since the bulk volume is given for each doping x. By choosing the lowest energy state among FM, A-type AF and C-type AF states for each ab-plane lattice constant and each doping x, we can construct the surface phase diagram.
III. RESULTS AND DISCUSSION
We show the calculated surface phase diagrams in Fig. 1 termination. For the sampling point (x = 0.5 and c/a = 1.0, indicated by the blue star in Fig. 1 ), the calculated total energies and some physical parameters are summarized in Tables   I and II The occupation imbalance between two e g orbitals, namely 3z 2 − r 2 and x 2 − y 2 orbitals in doped manganites, is the key concept to understand the rich phase diagrams 1, 18, 19 . On the surfaces, the orbital polarization is certainly very important because of the change in crystal field, hybridization and surface lattice relaxation. For the (La, Sr)O termination, the environment of the 2nd surface Mn changes only from the 2nd nearest neighbor layer, which is negatively charged MnO 2 layer. Missing of this layer in the vacuum side produces an attractive potential leading to downward shift of the 2nd surface Mn 3d bands. However, the strengthened pdσ hybridization due to the missing Mn atom on top of the surface O atom will cause the upward shift of the 3z 2 − r 2 state compared with the x 2 − y 2 state. Although the surface relaxation in the interlayer distance, which is very small, will modify the details quantitatively, it will not affect the qualitative features. For the sampling structure in Fig. 1 , the Mn-O bond length between the 1st and 2nd layers changes only by −0.2% (see Table II ). For the MnO 2 termination, the most dramatic effect is the significant downward shift of the 3z (Table I) . However, the surface C-type AF state has much lower energy compared with the above two states.
On the real surfaces of CMR manganites, the surface segregation on the perovskite Asites may be another important factor. It was experimentally suggested that the Ca content in the surface layers of LCMO is dramatically enhanced 13 for both terminations. The basic questions here are: 1)why does surface segregation happen? 2)how will it affect our phase diagram? In the analysis of surface segregation, we need the bulk part as a particle reservoir.
The present type slab calculation has, therefore, rather severe restriction in this context. In the following, we will do a simple analysis in order to gain insight into the fundamental aspects of the problem. We artificially locate a pure SrO layer at different positions in our unit cell keeping the Sr content x in all other (La, Sr)O layers as a given value and calculate the total energy as a function of the SrO layer position. The calculated results shown in Fig. 3 clearly suggest that the stable position of the SrO layer is the surface for the (La, Sr)O termination or the 2nd surface for the MnO 2 termination. The result is qualitatively consistent with the experimental observation for LCMO 13 . The main reason for the stability of the surface (or subsurface) SrO layer is the electrostatic interaction. SrO layer is nominally charge neutral, while the nominal charge of LaO is +1. In the bulk the ionized object is stabilized by the electrostatic interaction with the counter ions. This stability mechanism is weakened on the surface. Therefore, the neutral object tends to be located on the surface keeping the charged objects inside the bulk. For the MnO 2 termination, the presence of SrO layer at the 2nd surface will make the surface MnO 2 layer nearly neutral also. In Fig. 3(b) , we show that the contribution coming from the electrostatic energy is responsible to the stability of the SrO layer at the surface. As the nominal doping x increases, the effect of Sr segregation should be weakened as is actually demonstrated in Fig. 3 . Although the present analysis is only for limited configurations in which one particular layer of the system has full Sr segregation. Nevertheless, the above consideration about the mechanism of the stability of surface SrO layer clearly suggests a rather general tendency of surface segregation of the neutral objects. By taking account of the surface segregation of Sr, the effective doping on the surface becomes larger than the bulk doping. This will again lead to stronger stability of surface AF ordering.
IV. SUMMARY
In summary, we calculated the surface magnetic phase diagram of tetragonal manganite 
